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L& ventricular volume is an important determinant of out- 
come in patients with ischemic and valvular heart disease, and 
its accurate measurement has been a goal of echocardiography. 
Cinevenlriculogmphy is a clinically accepted method for left 
ventricular volume determination, but it is not practical for 
routine or serial measurements. Two-dimensional eehocardi- 
ography is noninvasive, safe, comparatively inexpensive and 
allows serial performance of left ventricular volume measure- 
ments. However, most studies comparing cineventriculography 
and two-dimensional echocardiography have reported impor- 
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tant differences in volumes obtained by the two methods (l-7). 
Several factors contribute to this variability, including errors 
that result from image plane positioning and geometric as- 
sumptions inherent in two-dimensional echocardiography 
(4-6.8-10). 
Recently, a three-dimensional echocardiographic system 
was developed to address these problems (11). The system uses 
an acoustic three-dimensional spatial locator to register two- 
dimensional image position in a three-dimensional spatial 
coordinate system. A personal computer stores a series of 
two-dimensional images and their spatial coordinates for sub- 
sequent recall, display and three-dimensional reconstruction. 
Another important feature of this three-dimensional echocar- 
diographic system, unlike two-dimensional systems, is the use 
of a unique algorithm for volume computation, termed poly- 
hedral surface reconstruction (12-14). This method eliminates 
the need for geometric assumptions concerning the shape of 
the left ventricle. 
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This and other ~bree-d~rne~s~o~a~ echocardiographic sys- 
tems have been skown to be bigh~y accurate 
volumes in vitro (13-20). They have also bee 
superior to two-dimensional ecbocard~ogra~hy w en com- 
pared using the same models (1 15,21,X!). Little data exist 
co~~ar~~~ the two methods in h ans (23,24), and no studies 
have compared the two metho o a widely used, clinically 
accepted left ventricular volume measurement technique. 
Therefore, this study was conducted in patients undergoing 
cardiac catbe~cri~a~~o~ to co re left ve~~~~c~lar volume 
measurements by cincvr;ntric apby with those made by 
two- and three-dimensional echocardiography. 
Us. Thirty-nine unselected patients undergoing 
lrdiac catbctcrization to evaluate chest pain or 
~IWWII cardiac disease wuc studied in tbc fasting state. They 
received their usual medications and underwont imaging by 
both echocardiographic methods I to 4 b before cathetcriza- 
lion. In four patients cardiac a~r~~yt~~i~~~~l pr~vc~~tc~~ )l ~~~~~~~~ig 
an adequate ci~cventricu~(~g~i~~ for volume computation. No 
patients were excluded on the basis of echocardiographic 
image quality; thus, 35 patients comprised the final study 
group. 
~~-dirn~n§io~~l ech raphic i~s~~~en~~~~ 
rotocol. A 2.5~MHz ult transducer and a corn 
two-dimensional scanner (model 77020AC, 
were used. Standard apical four- and two-chamber views were 
recorded on OS-in. VHS videotape for off-line analysis using 
commercial software (Nova Microsonics). Left ventricular 
volume was calculated by an observer in blinded manner using 
the apical biplane method and a summation of 32 disks 
algorithm (9), averaging 2 or 3 beats. A second observer 
repeated the same analysis for volume calculalion in the first 
26 patients to determine interobserver variability. One ob- 
server repeated measuremenis in 10 randomly selected pa- 
tients several weeks later to assess intraobserver variability. 
“~~~.dim~nsion~l ~ ~~~j~g~~~ic instrument&ion. The 
components, operation and major features of the three- 
dimensional cchocardiographic system have been reported previ- 
ously (1 L-13). Briefly, the three-dimensional sc nner consists of a 
real-time two-dimensional scanner (model 7702OAC, Hewlett- 
Packard) linked to an acoustic three-dimensional spatial locator 
(model GP g-3D, Science Accessories), which associates three- 
dimensional spatial coordinates with each set of images. The 
real-time images and spatial coordinates are transmitted to a 
personal computer (model 325D, Dell Computer Corporation), 
which controls system operation nd provides a means for sub- 
sequent three-dimensional analysis of acquired ata. The three- 
dimensional coustic spatial locator consists of an array of three 
sounti emitters rigidly attached to a 2.5~MHz ultrasound trans- 
ducer anti z? array of four microphones suspended over the 
examination table, as well as electronic ircuitry necessary for 
their operation. The sound emitters, energized in rapid sequence, 
produce 60-kHz sound waves, which travel to each of the four 
ones. The time taken for 
each emitter to each m~c~o~bone is mea 
cnviro~meo~a~ conditions and used to ca ate the distance 
between the two points. From these distances the X, Y and z 
Cartesian coordinates of the transducer and subsequently its
image are computed ina spatial coordinate system defined by the 
microphone array. The accuracy of the three-dimensior,al acous- 
tic spatial locator is -0.1% of the 0.75 to 1.&m distance from the 
sound emitter to the microphone. The acoustic locator data are 
continuously checked, and data are rejected if co-nputed lengths 
and angles formed bJ/ the three sound emitters mounted on the 
transducer do not fall within specified limits of 21 mm or 21“. 
The digitized real-time images and their spatial coordinate data 
are combined in the computer video display to produce an 
interactive “line of intersection display” of the relative position 
and orientation of a reference image and a real-time image. 
Image acquisition isgated to the echocardiographic electrocar- 
diogram signal. A sequence of 16 images, every other video frame 
beginning with the onset of the QRS complex, are acquired and 
disp!ayed as a tine loop. Thus, the first frame 
cud-diask~lic frame, and the loop can bc advimc 
to end-systole and played at varying speeds to facilitate border 
~e~-d~rne~s~o~a~ i rotctcd. Left ventricular vol- 
ume is computed from a series of parasternal short-axis mages 
acquired with reference toa parasternal long-axis image using 
a defined image acquisition sequence. First, “positioning” 
short-axis images are obtained at the level of the aortic valve 
and near the left ventricular apex and are temporarily stored in 
compmbcr memory. The transducer is rotated to obtain a 
long-axis image, and the line of intersection is computed and 
displayed within all three images, which are alternately viewed 
by pressing designated function keys on the computer key- 
board. While viewing the positioning shori-axis images, the 
operator adjusts the long-axis image so that its moving line of 
intersection passes close to the centers of the aorric valve and 
apex. When this has been achieved, the long-axis image is 
saved as a “reference” image for subsequent recall. Because 
the apex of the left ventricle is usually not visible in a 
conventional parasternal long-axis view, a second reference 
long-axis image is acquired that includes the apex. 
The operator then uses the reference long-axis images and 
the line of intersection display to selectively position and 
acquire a series of six to nine spatially registered nonpara!lel 
short-axis “data” images, spanning the ventricle from the 
inferior surface of the aortic valve leafiets to the endocardial 
apex (Fig. 1). Imaging was performed uring suspended r spi- 
ration. Because patient motion during the image acquisition 
sequence woKId influence the spatial registration of subse- 
quent images, the imaging sequence was restarted if such 
motion occurred. To account for motion and shortening of the 
ventricle with systole, the acquindon sequence was repeated to 
obtain a separate set of end-systolic reference and “dais” 
images. The frame before opening of the mitral Valve was 
selected as the end-systolic frame. The additional time to 
acquire a set of images for three-dimensional echocardib- 
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graphic study for left ventricular volume calculation Was 
-10 min. 
Polyhedral surface reconstruction and volume c~rnpwt~a 
tion. Left ventricular volume by three-dimensional cchocilrdi- 
ography is computed from the traced endocardial hrundarics 
of each short-axis section using a polyhedral surface rccon- 
struction algorithm (1 l-14). Each boundary is dclincd by 20 to 
25 operator-defined points, which are automatically connected 
to form a perimeter that is divided by interpolation into IX0 
equally spaced cwrdinatc points. A ccntroid of each slice is 
d&ned by the twngc of the cmrdimtes of each of the 
boundary points. The surface hetween adjacent slices is de- 
fined by lines connecting two consecutive points on one slice 
with a single point on the adjacent slice, forming a series of 
triangular “tiles.” Vectors are formed connecting the centroids 
and each pair of surface triangles, forming sectors or wedges. 
Each wedge is then decomposed into three tetrahedrons. Thus, 
the volume between two slices is decomposed into 540 tetra- 
hedrons. The volumes of all tetrahedrons are calculated and 
summed to yield the total volume of the ventricle. 
In tracing the endocardial surface in the short-axis images, 
the papillary muscles were excluded from the chamber volume 
when they were continuous with the endocardial boundary and 
less than half of their cross section was protruding into the 
ventricle. When they were continuous with the endocardial 
boundary and more than half of their cross ssction was protruding 
into the ventricle, the protruding portion was included in the 
chamber volume. When the papillary muscle was discontinuous 
with the endocardial boundary, it was included in the chamber 
volume. InterobseIver variability and intraobsenrcr variability 
Figure 1. Photograph of thu lint of intcrscction displny 8Cnerid by 
tho computer ;\ftcr three-dimcnsianul reconstruction. Thr long-ask 
view (center) is ~hc rcferencc image huwing the “line of intcrscction” 
displuy i~~I~tifyi1~~. the locatiun ot the shorbdsis images chthtaincd for 
volume cclmputntlun. Below and to the sides arc the individual 
short-axis cross actions from upcx to bnsc. with cndocardkd horders 
outlinal. 
wcrc assessed in 26 and 10 study patients, respectively. as for 
two-dimensional echocardiography. 
Cineventriculography. Sedated patients underwent diag- 
nostic catheterization using the femoral approach with a 
General Electric Advantx LUC/LP DXC Highline angio- 
graphic system. A focal spot size of 0.9 mm, a Mm field of 
view and a nominal X-ray exposure of 25 pR/frame were 
utilized. After coronary artcriography, a 6F pigtail catheter was 
inserted into the hotly of the left ventricle. Cineventriculo- 
grams were tilmed at 30 frames/s during the power injection of 
35 to SO ml of iohexol at I5 ml/s. The magnification factor in 
each projection was determined by filming a radiopaque grid 
or metal sphere of known dimensions at the level of the 
midventricle. In all patients a single-plane 30” right anterior 
oblique cineventriculogram was available for volume calcula- 
tion. Cine films were viewed on a projector, and the outlines cf 
the left ventricular cavity and calibrating device were traced on 
transparent acetate film overlying the projector screen. Only 
sinus beats not collowing a premature beat were used for 
volume calculations. The outline of the papillary muscle was 
included in the left ventricular cavity. Eud-diastole was defined 
as the visually estimated largest silhouette arcs, and end- 
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systole as the sma lest silhouette area. A digitlYing pad and 
ware were used to retrace the boundaries on 
and calculate left veatr~c~~ar vol~mc using the 
s method with 52 disks. These 
en adjusted for ~~verestim~t~0~~ using tbr qres- 
developed by Wynne et al. (25). Ejection frac- 
tions were then calculated. Segmental wall motion was as- 
sessed visually and graded as normal, inetic, akinetic or 
dyskinetic. ~ineve~tr~culogr~~~ilic volu ere c~~i~~~uted af- 
ter ec~loc~lrdiogra~l~ic measurements to avoid biasing the 
echocardiographic measurements. Interobserver and intra- 
observer variability were assessed for ciu~ve~~triculograpiiic 
0th echocardiographic ~~?ct~~~~ds wcrc 
grit@ly using the PearSOn Corrc- 
liltiOn cocihcient aad IinZar regression. Tbc regressions for 
each nict~~od were compared With the line of identity using the 
F test (26). The limits Of iIgrCcmelrt i~lllOl1~ the three methods 
were assessed using the analysis described by Ahman and 
Bland (27). In this i~nalyS~S the unknown true volume is 
estimated by the mean of the measurcmcnts of the two 
methods being compared. The difference bctwcen the two 
measurements is plotted against their mean, and the mean 
and standard deviation of differences is determined. The 
mean difference is the bias or systematic error, and 2 S 
defncd as the limits of agreement. Linear regression is used to 
dekrminc whether the biilS VilrieS sign~ticaut~~~ with the six of 
the object being measured. The nonparametric sign test was 
used to compare the magnitude of the cineventriculographic- 
echocardiographic differences for each echocardiographic 
method (2X). The Spearman rank correlation was used to 
assess the correlation of differences (cinevcntriculographic 
volume minus echocardiographic volume) for end-diastolic 
volume with those for end-syst,:lic volume by each echocardio- 
graphic method. Interobserver variability was calculated as the 
standard deviation of the differences between the two observ- 
ers, expressed as a percent of the average value. Intraobserver 
variability was calculated as the standard deviation of the 
differences between the first and second determination for a 
single observer, expressed as a percent of the average value. 
Patient characteristics. The 35 patients had a mean age of 
48 -+ 10 years (range 32 to 69), and 22 (63%) were men. Mean 
cineventriculographic end-diastolic volume was 126 t 51 ml 
(range 55 to 290), mean cineventriculographic end-systolic 
volume was 57 ?1 51 ml (range 9 to 236) and mean cineven- 
triculographic ejection fraction was 61 -C 18% (range 18% to 
87%). Left ventricular contraction pattern was normal in 17 
patients, all of whom had a cinevcntriculographic end-diastolic 
volume of ~150 ml and an ejection fraction HO%. Of the 
remaining 18 patients, 5 had varying degrees of regional 
hypokinesia, 3 had akinetic segments, 5 had dyskinetic seg- 
ments, and 5 had diffuse hypokinesia (moderate or severe in 4). 
atient characteristics ~Cve~tr~cu~ogra~~ic and echOcar- 
patient are shown in Table 1. 
s. The results of linear rcgrcssion Of 
ecbocardiogra~b~c volumes on single-plane cinevemricuto- 
graphic volumes arc shown in Figure 2. Correlation coefficients 
were very high. For end-diastolic voiume the standard errors of 
the estimate for three-dimensional and two-dimensional echo- 
cardiography were t 11.0 and ~21.5 ml, respectively. For 
end-systolic volume the standard errors of the estimate for 
three-dimensional and two-dimensional echocardiography 
were 2 10.2 and + 17.0 ml, respectively. The corresponding 
vahres fOr ejection fraction were +9.40/o and + 10.2%. The 
F test showed that the regression of three- and two- 
d~l~~c~~sil~~~~~l cchocardiogr3phy versus cincventricutography 
was signilicantly different from the line of identity, reflecting 
the systematic underestimation of angio;:raphic vohrmes by 
both echocnrdiographic methods. 
The limits of agrccmcnt comparison of the two cchocardio- 
aphic ~~~~thds with cinevcntriculogri~~~ly is displayed in 
rgurc 3 and summarized in Tables 2 and 3. For three- 
dimensional echocardiography the end-diastolic volume 
mean ditferencc was 12.9 ml, and the limits of agreement 
wcrc ~24.8 ml, whereas for two-dimensional cchocardiogra- 
phy they were 21.1 and 254 ml, respectively. Similarly, the 
end-systolic volume mean difference and limits of agreement 
for three-dimensional cc~~ocard~ography were -0.7 and k24.8 
ml, whereas for two-dimensional echocardiography they were 
2.4 and ?44.8 ml. respectively. The mean differcncc and limits 
of agreement for ejection fraction were 6.6 ? I9.6% for 
three-dimensional echocardiography and 7.S -C 2 I A%: fog 
two-dimensional cchocardiography. The sign test showed that 
the magnitude of the dill’ercnce between ~~incvcntriculograplly 
and two-dir,~ensiolli~l cchocardiograplly was signilicantly 
greater than the magnitude of the differcncc bctwecn cincven- 
triculography and three-dimensional echocardiography for 
both end-diastolic and end-systolic volumes (p < 0.01). For 
ejection fraction, the magnitude of the dilfcrencc between 
cinevcntriculography and two-dimensional echocardiography 
and that between cineventriculography and three-dimensional 
echocardiography were not significantly different by the sign 
test. The Spearman rank correlation of differences (cinwen- 
triculographic volume minus echrcardiographic volume) for 
end-diastolic volume with those for end-systolic volume by 
each echocardiographic method showed :! strongly positive 
correlation for two-dimensional echoca;Jiography (Spearman 
r = 0.77, p P O.OOOl). For three-dimensional echocardiography 
there was no correlation (Spearman r = 0.18, p = 0.30). 
The bias of each echocardiographic method tended to 
increase as the size of the ventricle being measured increased. 
However, this relation was more marked for two-dimensional 
than for three-dimensional echocardiogriphy, as illustrated by 
the differences in the regression lines in Figure 3. Table 3 
shows that for both end-diastolic and end-systolic volumes, the 
slope Of the regression line for three-dimensional echocardi- 
ogrdphy and the standard error of the estimate for the 
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Diagnosis 
Wall 
Motion EDV ESV EF EDV ESV EF EDV ESV EF 
63/F cm 
39iM CAD 
37/M CP 
3&M CM 
62/M CAD 
42iM CP 
r&M CAD 
4S/F CAD 
WM CAD, Al 
32/F CP 
44/M CAD 
41iM Tram 
43/M MS 
4liM CP 
42/M CAD 
3Hlh4 CP 
46/F CM 
33JM CP 
69/M CAD 
44/M CAD 
44lF CAD 
48/M CAD 
S4/F CAD 
52/M CAD 
43/M CAD 
48/F CAD 
48/F CM 
47/F CM 
44/F CP 
51/M CP 
38/F CP 
Q/M CAD 
63/M CP 
4b/F CP 
WF CAD 
NI 138 
NI 104 
NI 150 
Ah 212 
NI 92 
NI 109 
Abn 92 
Abn 103 
Abn 170 
Nl 12x 
NI 101) 
Nl 90 
NI us 
NI HO 
Abn 1% 
NI 75 
Abn 110 
NI I2l 
Abn 236 
Abn 95 
Abn 98 
Abn I04 
Abn 122 
Abn 290 
Abn 134 
Abn 95 
Abn 234 
Abn 140 
NI I19 
Nl 1113 
Nl 92 
Ahn 9s 
Nl I30 
Nl 55 
Abn 1%) 
32 0.77 119 
26 0.75 1w 
35 0.77 128 
150 0.29 192 
34 0.63 90 
31 0.72 105 
23 0.75 79 
30 0.71 96 
h7 0.01 159 
31 il.70 I21 
49 OS1 94 
32 0.64 80 
29 0.55 57 
24 (1.70 71 
71 us5 I49 
22 0.71 69 
51 0.s.l 104 
30 0.70 89 
151 0.36 2lY 
29 0.69 79 
36 0.63 !I3 
55 0.47 101 
40 0.67 119 
236 a19 23X 
68 0.49 II9 
44 lU4 n4 
17X 0.24 211 
76 O&l I.34 
40 o&i 86 
16 0.84 71 
IS (I.84 57 
36 O.h? 91 
43 0.07 I21 
13 1l.7h ‘hl 
I.% 0.24 I?3 
30 0.75 
34 0.66 
33 0.74 
151 0.21 
42 0.53 
29 0.72 
29 0.63 
38 0.60 
N'I 0.44 
27 0.78 
40 0.57 
311 0.63 
34 0.40 
16 0.78 
7x 0.M 
?3 0.67 
6s 0.3H 
‘al 0.5.i 
146 0.33 
3 0.71 
51 . . 0.53 
51 WI 
36 0.70 
185 0.22 
51 0.52 
4s U.46 
168 0.20 
70 0.48 
36 0.58 
12 O.-l1 
I9 0.67 
37 o.s9 
50 0.59 
22 0.52 
140 0.19 
92 
115 
125 
179 
85 
121 
59 
1% 
123 
94 
1 IO 
7.5 
Jb 
32 
121 
92 
9b 
84 
I95 
95 
124 
130 
113 
239 
115 
IO3 
137 
IUS 
69 
-lx 
55 
65 
II? 
44 
I25 
22 0.76 
36 0.69 
49 0.61 
163 0.09 
43 0.49 
70 0.42 
2x 0.53 
52 0.51 
61 0.50 
29 0.6') 
-II 11.63 
36 0.51 
IS 0.67 
39 0.52 
34 0.72 
34 0.63 
34 MS 
3-I O.hl 
139 0.29 
42 0.56 
6.7 0.49 
R7 0.33 
tid 0.47 
17s 0.26 
19 0.57 
44 0.57 
II0 0.20 
66 II 37 
30 0.57 
16 0.67 
8 0.85 
2s 0.57 
41 0.63 
IS 0.66 
100 0.20 
Al = aortic insutiency; CAD = coronary rrtery disease; Cine = cincventriculography; CM = cardiomyopathy; CP = chest pain without coronary artery disease; 
EQV = cnd-diash#e volumu {ml); ESV = end-systolic volume (ml): EF = ejection fraclion; MS = mhral stenosis; Tram = status post cardiac transplantation; Wall 
hktiwr = norm&d (Nl) or abnormal (Abn) Lxmtraction pattern on cinevcntriculography: 3D Echo = three-dimensional echocardiography; 2D Echo = two-dimensiondl 
echocardiograpby. 
regression were less than the slope and standard error of the 
estimate for two-dimensional echocardiography. 
Intraobserver and interobserver variability were essentially 
the same for each method and are summarized in Table 4. 
This study is the first comparison in patients of left ventric- 
ubr volume computation by three-dimensional echocardiogra- 
phy with that computed by an accepted clinical method, 
cineventriculography. The correlation of volumes by three- 
dimensional echocardiography with those by cineventriculog- 
raphy is excellent, and the standard errors of the estimate are 
approximately one-half those of two-dimensional echocardiog- 
raPhY- 
Comparison of the echocardiograpbic methods with cine- 
ventriculography by the limits of agreement technique of 
Altman and Bland (27) also supports these results. Three- 
dimensional echocardiography had significantly closer agree- 
ment with cineventriculography than did two-dimensional 
echocardiography. The standard deviations and limits of agree- 
ment (52 SD) for three-dimensional echocardiography are 
approximately one-half those of two-dimensional echocardiog 
raphy. The improvement of three-dimensional over two- 
dimensional echocardiography is attributed to eliminating the 
use of geometric assumptions and to improved image position- 
ing by use of the “line of intersection” display. Thus, if 
echocardiography is to be used to estimate left ventricular 
volume, our results indicate that three-dimensional echocardi- 
ography is clearly suyerior to two-dimensional echocardiogra- 
phy. Because the standard error of the estimate for cineven- 
triculography against casts of the human left ventricle is58 ml 
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Figure 2. Linear regkession of echocardiographic volumes and ejec- 
tion fraction versus cineventriculographic volumes and ejection frac- 
tion. The three-dimensional echocardiograpkic results (3 
represented by solid circles (normal ventricles) and crosses (abnormal 
ventricles) and two-dimension II echocardiographic results (2D Echo) 
by open circles (normal vep:rdes) and dj~monds (abnormal ventri- 
cles). Results are shown for end-diastolic volume (HIV), end-systolic 
volume (ESV) and ejection fraction (EF). Shown for each scatterplot 
are regression equations. correlation coefficients (r), standard errors of 
the estimate (SEE) and p value. 
(25), approximating that obtained in this study comparing 
cineventriculography and three-dimensional echocardiography 
(210 to 11 ml), one can infer that cineventriculography may 
contribute as much to the differences between the methods as 
does three-dimensional echocardiography. 
Although agreement with cineventriculography volumes by 
three-dimensional echocardiography is significantly better than 
that with two-dimensional echocardiography, a corresponding 
improvement in ejection fraction was not obtained. This 
occurred because diastolic and systolic volume errors by two- 
dimensional echocardiography are highly correlated and are 
thus nullified when calculating ejection fraction. Oue can 
surmise that cineventriculographic volume errors are also 
highly correlated and are similarly derived from the same 
cardiac ycle. End-diastolic and end-systolic volume errors by 
three-dimensional echocardiography are not correlated be- 
cause they are independently derived from multiple cardiac 
cycles. Observer variability for tracing by all methods was 
0 
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Figplre 3. Difference of each pair of cchocardiographic-cincven- 
rriculographic volume measurements plotted against the mean value. 
Three-dimensional echocardiographic results are represented by solid 
circles, and two-dimensional echocardiographic results by 
the same graph. Results are shown for end-diastolic ‘: 
end-systolic volume (ESV) and ejection fraction (EF). On 
plot are two vertically oriented reeiangles: solid r&a 
three-ditnensiollal echocardiography, and open rectangle represents two- 
dimensional echocardiography. Center bar (solid bar in open rectangle; 
open bar in the solid rectangle) indicates the mean of differences, and the 
height of tbc rectangle indicates the limits of agreement, 52 SD from the 
mean difference. Lines represent regressicns for three-dimensional 
(heavy) and two-dimensional (light) echocardiography. 
comparable, reflecting common problems with boundary trac- 
ing. This type of variability is only one factor contributing to 
the variability of echocardiographic measurements. In sequen- 
tial studies, where image acquisition is also a variable, three- 
dimensional echocardiography is superior to two-dimensicnal 
echocardiography for reproducing chamber dimension mea- 
surements (29). 
Comparison with previous sbdies. Previous in vitro stud- 
ies with three-dimensional echocardiographic systems have 
shown them to provide highly zncurate measurements of the 
volume of models, balloon phantoms and excised left and right 
ventricles (13-23,30). Furthermore, three-dimensional echo- 
cardiography has been shown to be superior to two- 
dimensional echocardiography when the two methods were 
compared in balloon phantoms (22). Our previous in vitro 
study comparing three- and two-dimensional echocardiogra- 
phy and cineventriculography with true volumes of excised 
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Table 2. Ecbocardiographic-Cineventriculographic Volume Difference Versus Mean of 
Echocardiography and Cineventriculography 
2D Echo 3D Echo 
Mean Limits of Mean 
Dibrencc SD Agreement Difference SD 
EDV (ml) 21.1 227.0 254.0 12.9 -c 12.1 
ESV (ml1 2.4 ~22.4 5448 -0.7 2 12.4 
Limits of 
Agreement 
+7i4 -_. 
224.8 
EF (4) _ 7.5 r 10.7 ~21.4 6.6 pc9.s k 19.6 
Mean Difference = mean of cineventriculographic-echocardiognphic differences; SD = standard deviation of 
differences; Limits of Agreement = 22 SD; other abbreviations as in Table 1. 
porcine hearts also demonstrated that measurement variation 
of two-ilimensional echocardiography was significantly greater 
than that of three-dimensional ~ch~ard~~grap~y (21). Al- 
though the percent error of cinevcntriculography compared 
with true volume (56 S 5.7%) was siglifiCi3ntly less t&m 
that of two-dimensional echocardiography (15.3 -C 11.9%), 
it was greater than that of thnc-dimensional echocardiog 
raphy versus true volume (3.9 z?z 3.4%). The standard error of 
the estimate of three-dimensional echocardiography for pre- 
dicting true volume (~-7.1 ml) was also less than the same 
standard error for cineventriculography (210.7 ml). These 
values are comparable to the standard errors previously ob- 
tained from validating cineventriculography against ventricular 
CDIS (25). 
When two-dimensional echocardiographic estimates of left 
ventricular volume in patients are compared with measure- 
ments made by cinevcntriculography, two-dimensional ccho- 
cardiography shows considerable inaccuracy (l-7). For exam- 
ple, two studies using the apical biplane method reported 
correlation coefftrients and standard errors of the estimate 
for the relation between two-dimensional echocardiography 
and cineventrieulography of 0.80 and 915 ml/m” and 0.81 
and 237 ml, respectively, for end-diastolic volume, with 
slightly better results for end-systolic volume (3,7). Although 
more nt studies (31,32) with newer instruments and im- 
proved echocardiographic image quality have shown some 
improvement of two-dimensional echocardiographic results 
(end-diastolic volume r = 0.92, SEE 223 ml 1311; r = 0.88, 
SEE Z15.1 ml [32]) compared with the earlier studies, these 
results were nat reproduced in the present study using similar 
Table 3. Regression of Cineventriculographic-Echocardiographic 
Difference Versus Mean Difference 
EDV 
3D Echo 
2D Echo 
ESV 
3D Echo 
2D Echo 
I ViIluc p ValliC Equation SEE 
0.39 0.02 y = 0.10x t 1.1 ml 211.6 ml 
0.41 0.01 y = 0.25x - 8.0 ml 5X5.0 ml 
0.50 0.002 y = 0.13x + 8.0 ml + 10.9 ml 
0.51 0.001 y = 0.26x - 11.9 ml 2 19.6 ml 
- 
y = differerw 2 of volumes; x = mean of volumes; other abbreviations as in 
Table 1. 
modern equipment. Qur current tw~-~~rnensi~~~~a~ echocardio- 
graphic results (end-diastolic volume r = 0.85, S 
lie between the older and newer studies. 
We also conducted a simihr in vivo volume measurement 
study (24) ia 15 normal human subjects comparing the two 
echocardiographic methods with ventricular volume detcr- 
mined by nuclear magnetic resonance imaging. la that study 
measurement variation of two-dimensional echocard~ography 
was also significantly greater than that of three-dimensional 
echocardiography. Furthermore, the end-diastolic and end- 
systolic standard errors of the estimate for three-dimensional 
echocardiography predicting volume by magnetic resonance 
imaging were 27.0 and ~3.1 ml, respectively. These standard 
errors are, again, in the same range as those obtained in 
the present study and by cineventriculography predicting true 
volu casts. Thus, the in vivo as well as in vitro evidence 
now sts that thr~e-dirnens~~~~~~~l echocardiography may be 
comparable to cineventriculography for estimation of left 
ventricular volume. 
Advantages of three-dimensional echocardiography. Two- 
dimensional echocardiography uses volume computation algo- 
rithms that requite assumptions about left ventricular geome- 
try and the spatial relations between imaging planes because 
the position and orientation of its images are not registered in 
three-dimensional space (8-10). Cineventriculography, a pro- 
jection method, also requires assumptions concerning left 
ventricular shape. Three-dimensional echocardiography, by 
definition, registers image position and orientation in an 
independent three-dimensional spatial coordinate system. The 
Table 4. Comparison of Interobserver and lntraobserver Variability 
-. 
lnkrobscrver lntraobserver 
Variability (%) Variability (%) 
EDV 
2D Echo 11.1 6.3 
3D Echo 10.6 6.7 
Cine 9.4 5.7 
ESV 
2D Echo 9.3 6.4 
3D Echo 8.9 5.6 
Cine 9.2 6.7 
Abbreviations as in Table 1. 
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If&l 
ventricle without 
so without he use 
called the line of 
lows the operator to visually control the 
positioning of real-time images in terms of anatomic land- 
marks viewed in a refer image approximately orthogonal 
capability enables the operator 
ositioni~g of end-plane images 
and optimal de~~~eatio~ of ventricu u~at~res and endocar- 
dial boundaries. A previous study s shown that use of this 
display achieves a threefold imp ent in the reprod~cibil~ 
ity of linear ll~eas~ircn~e~ts of ventricle (29). Three- 
di~i~elision~ll surface reconstruc rmits the use of algo- 
ral surface reconstruction, to compute 
tions of cavity shape. 
than conventional algorithms because it allows the use of 
nonparallel, unevenly spaced images. As a consequence the 
operator, using the linz of intersection display, can optimize 
visualization f the ventricle rather than restricting images to a 
predetermined setof views from a single chocardiographic 
window. When two or three rib interspace windows are used, 
the ventricle can almost always be completely imaged by 
three-dimensional echocardiography. T e result ismore accu- 
rate, less variable measurement of ventricular volume. 
Three-dimensional echocardiography requires acquisition 
of a few more images than conventional examination. The 
additional acquisition time required for a data set of eight or 
!line short-axis images is -10 min. In addition, tracing those 
images requires -1 min per boundary, thus lengthening exam- 
ination and analysis time -20 min. This additional time 
requirement, compared with two-dimensiciiai echocardiogra- 
phy, is a direct function of the additional amount of data 
acquired and utilized to obtain an improved result. The 
three-dimensional system is, for an experienced operator, no 
more difficult to use than a conventional echocardiograph. The 
three-dimensional system is a relatively low cost add-on to a 
conventional echocardiograph and thus preserves and en- 
hances the value of an existing capital asset. 
Sources of error and study limitations. The sources of 
nsional echocardiography (13,14) and 
(25) have been outlined in detail previ- 
e are significant resolution limitations of 
ic techniques, the three-dimensional spa- 
does not introduce any significant new 
ume by echocardiography compared 
persists despite correction using the 
regression equation described by Wynne et al. (25). This 
correction takes into account only overestimation associated 
with the oblique cineangiographic projection. Cineventriculog- 
y assumes but cannot rify that the mag~ificat~ofl- 
sitioned at tbc m~dve~tric~la~ 
f it might account for overes.. 
ventricular volumes in terms of e&car&gra 
ur previous in vitro study (21) comparing two- 
sional echocar~iogra~hy andcineventriculography 
for ventricular volume determination i excised porcine b arts 
also showed underestimation byall three methods compared 
with true volume. The relatively small improvement in under- 
estimation of volume with our three-dimensional echocardio- 
graphic system suggests hat this underestimation is probably 
not a result of either geometric assumptions, which have been 
inated, or echocardiographic image plane positioning. The 
most pl ‘ble ex~~a~atio~ seems to be systematic differences 
in the nition of boundaries and methods of bo~~~a~y 
tracing. 
Although echocardiography is generally considered to have 
more difficulty with border definition compared with cineven- 
tricMlograpl~y, thelatter technique can also present examples 
in which a clearly delineated boundary is not present. In this 
study two tracings of c~meve~tric~~ographic borders were re- 
quired, a first tracing of the border on acetate film and a 
second of the acetate film for planimetry. This extra step 
increases the likelihood of errors in tracing the cineventricu- 
lographic borders. Differences in tracing conventions were also 
present. Echocardiography and cineventriculography recog- 
nize different endocardial boundaries (4). The trabeculations 
and papillary muscles were included in the left ventricular 
cavity when cineventriculograms weretraced, whereas some of 
these structures were excluded from the cavity when two- and 
three-dimensional echocardiograms were traced. In our expe- 
rience angiographic boundaries tend to be traced outside the 
contrast silhouette so that it remains completely visible during 
the tracing. Ecbocardiographic boundaries, conversely, tend to 
be traced inside the endocardial echoes o that they stay visible 
during the tracing. Because of the lower resolution of the 
endocardial echoes, this practice tends to place the boundary 
inside its anatomic location. 
Both cineventriculography and two-dimensional echocardi- 
ography make assumptions about left ventricular shape. Al- 
though the geometric assumptions are greater when area- 
length algorithms are used, summation of disks algorithms 
assume acircular shape for each disk when the single-plane 
technique is used or an elliptical shape when the biplane 
technique is used. When ventricular shape is distorted by 
disease, these assumptions become invalid. The polyhedral 
surface reconstruction algorithm can underestimate the true 
volume of the ventricle. The lines connecting the points on the 
traced endocardial border represent chords and leave a small 
volume between the connecting chord and the curved endo- 
cardium. The same occurs between the endocardium and the 
lines connecting adjacent short-axis lices. In some patients, 
imaging difficulties prevented close spacing of short-axis im- 
ages in areas of changing endocardial curvature, which hin- 
dered the ability of the surfacing algorithm to accurately 
represent the shape of the endocardial surface. 
1062 SAPIN ET AL. 
ECHOCARDIOGRAPHY COMPARED WITH ClNEVEhTRlCULOGRAPHY 
JACC Vol. 24, No. 4 
October 19941054-63 
Another source of error for end-systolic volume by three- 
dimensional echocardiography is its currently slower ate of 
image acquisition (16 frame&) compared with cineventricu- 
lography (30 frames/s). As a consequence, three-dimensional 
echocardiographic end-systolic images were less likely to coin- 
cide temporally with the time of the smallest ventricular 
volume, resulting insomewhat greater errors computing end- 
systolic volume and ejection fraction than cineventriculogra- 
phy. This is due to current limitations ofcomputer memory, 
and when it is corrected, three-dimensional echocardiography 
ejection fractions may show some further improvement. 
,4n additional limitation ofthis study is patient sedation and 
the performance of coronary angiography before cineventricu- 
Iography. These may have altered heart rate, depressed left 
ventricular function and expanded circulating volume, contrib- 
uting to differences between cincventriculographic and echo- 
cardiographic volumes. These factors would not be expected to
affect he comparative results of the two echocardiographic 
methods, 
Conclusions, Three-dimensional echocardiography corre- 
lates highly with cineventriculography for estimation ofven- 
tricular volume in patients. In addition, three-dimensional 
echocardiography has approximately one-half the variability of
two-dimensional echocardiography for these measurements, as 
indicated by the standard errors of the estimate nd limits of 
agreement analysis. The lack of improvement i  ejection 
fraction measurement by three-dimensional echocardiography 
is surprising but is explained by the significant correlation 
between end-diastolic and end-systolic two-dimensional echo- 
cardiographic errors. 
Inplhtions, On the basis of these conclusions, three- 
dimensional echocardiography is the preferred echocardio- 
graphic technique for measurement of ventricular volume in 
patients with suspected heart disease. If limits of agreement 
of 225 ml between three-dimensional echocardiography and 
cineventriculography re acceptable for clinical or research 
then three-dimensional echocardiography may be 
ed for cineventriculography (27). The present data, 
interpreted in conjunction with previous studies, uggest that 
the variability ofthree-dimensional echocardiography may be 
essentially the same as that of cineventriculography. 
W gmlefrdly uckuwled@ the assistance of Robert R. Sciacca. EngScD, in 
pcrfoming the statistical analyses for thi. study. 
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